ix pairs of human cadaver femora were divided equally into two groups one of which received a non-cemented reference implant and the other a very short non-dependent experimental implant. Thirteen strain-gauge rosettes were attached to the external surface of each specimen and, during application of combined axial and torsional loads to the femoral head, the strains in both groups were measured.
Several studies have shown the changes in strain which occur for different designs of stem, such as those with uncemented fixation [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] and those with a collar. [18] [19] [20] One conclusion from these studies was that a closer proximal fit can produce closer to normal magnitudes and patterns of strain, and a tight distal fit can reduce proximal strains. The stresses in the bone cannot be measured directly, but measurement of surface strains offers an indirect method of determining the internal forces in bone. There are a number of ways of calculating deformation of bone including finiteelement analysis, 3, 15, 18, 21, 22 a photoelastic coating technique, 13, 20, [22] [23] [24] and strain-gauge analysis. 11, 19, [25] [26] [27] [28] [29] [30] [31] Although the last technique has practical limitations in the number of gauges that can be used, which precludes visualisation of the continuous strain pattern over the surface of the bone, it is accurate for the measurement of local forces.
Our aim was to use strain-gauge rosettes to measure the principal strains and the pattern of strain in the intact proximal femur, and the changes which occur in these after insertion of a non-cemented very short femoral stem.
Materials and Methods
Intact femora. We used six pairs of intact, fresh adult human cadaver femora for the biomechanical tests. There were three males and three females with a mean age of 54 years (41 to 61). The femora were wrapped in towels soaked with saline, frozen at -20°C and then thawed at room temperature before use. They were freed of all muscles and radiographs were taken to exclude pathological lesions. They were then randomly assigned either to group 1 (reference stem) or group 2 (experimental stem).
For the measurement of strain, ten 45° rosettes (120 ⍀ 3/120 RY91; Hottinger Baldwin Me Technik GmbH, Darmstadt, Germany) were bonded to the proximal femur at four levels (A to D), namely at the calcar and 2, 4 and 8 cm distal to the most caudal part of the femoral head. For each pair of femora, the position of the D rosettes was chosen to correspond to the planned position of the tip of the femoral stem to be inserted into one of the paired femora. At level A one rosette was bonded medially at the calcar and at levels B, C and D rosettes were attached at the medial, anterior, lateral and posterior aspects, respectively (Fig. 1) .
By using the distance from the distal part of the femoral head and the posterior condylar plane as reference, we could reproduce and recover the exact localisation and orientation of the rosettes on the femora.
The selected sites were prepared by first completely removing all soft tissues from the bone. The surface of the bone was smoothed with sand paper (#100 to 240), degreased with acetone and dried in an O 2 stream. An etchant (Multipurpose Etchant; 3M, Minneapolis, Minnesota) was applied to the gauge site for 15 seconds, then rinsed off with saline. After renewed drying the surface was primed (Multipurpose Primer; 3M) and the rosette was bonded using a two-component PMMA adhesive (X-60; Hottinger Baldwin Me Technik GmbH). The leads of the gauge were soldered to terminals fixed to the bone immediately adjacent to the rosettes and connected to a signal amplifier (UPM 100; Hottinger Baldwin Me Technik GmbH) by a wire cable.
Finally, the rosette and solder terminal were covered with a waterproof epoxy sealing. Before the actual measurements, the gauges were checked for electrical continuity and for internal resistance (120⍀) as recommended by the supplier. Furthermore, we checked that all the electrical terminals had been adequately insulated (>2G⍀). One rosette was made up of three strain gauges mounted at 45°a ngles on the polyurethane carrier and a gauge was always positioned perpendicular to the longitudinal axis of the femur. In addition to the recording of direct strain from the three gauges, the magnitudes and direction of the principal strain were computed.
After preparation and application of the strain gauges, the femur was placed in a jig which was again mounted in a materials testing system (Lloyd LR10K; Lloyd Instruments Ltd, Hampshire, UK). Distally, the femur was able to rotate around its longitudinal axis and to tilt around its anterior and posterior axis. In this way, non-physiological bending moments on the femur were eliminated. The femur was tilted into 12° of valgus which corresponds to the physiological inclination during single-leg stance. Load was applied to the femoral head by a lever arm connected to the cross-head of the testing machine. The centre of the cup containing the femoral head was positioned 110 mm lateral to the load axis and the trochanter strap formed an angle of 75° to the lever arm, which simulates the pelvis. The trochanter strap was adjustable both in length and position on the lever arm, which was horizontal when maximum axial load was applied to the femoral head. For the simulation of both hip abductors and the iliotibial band a wire extension from the trochanter strap ran over two pulleys mounted on the outer end of the lever arm. The iliotibial band ran distally to be attached 50 mm lateral to the central axis of the femur and we checked that the strap did not touch the greater trochanter when the femur was bent laterally during loading.
In addition to the application of axial load through the Lloyd cross-head, torsional load was applied to the femur using a weight-and-pulley system acting on transverse crossbars mounted to the cylinder containing the specimen. Thus, the torsional load was applied to the distal femur and the moments were transmitted to the trochanter strap and the acetabular cup, which prevented the femur from rotating. By means of a load cell on the acetabular cup the torsional forces acting on the head could be monitored. In addition to the acetabular cup, the trochanter/iliotibial band and the torsional loading system also had load cells allowing continuous monitoring of the forces.
The femur was preloaded with an axial force of 900 N, then unloaded and the strain gauges were adjusted to zero. Loading was applied to the intact femur to simulate a singleleg stance as well as stair-climbing. One measurement from each of the strain gauges was stored during the plateau phase of each of the stages. The resultant force on the femoral head was not measured directly. Based on the static loads on the proximal femur, however, computations show that the resultant load on the head was approximately 225% of the axial load. Thus, the resultant load on the intact femoral head during maximum axial and torsional loading was at least 2025 N. The intact femur was tested by applying an axial load of up to 900 N whereas the operated femur was tested using a maximum axial force of 1200 N. We did not use the 1200 N load on the intact femur because this greatly exceeds the physiological loads in the hip during normal activities and could result in breakage of the bone. 
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Insertion of the femoral components. A reference noncemented anatomic stem (DePuy, Leeds, UK) was used for the proximal and distal implant and an experimental noncemented anatomic stem (DePuy) for the proximal fit only. Both were made of TiVaAl alloy. They had an anatomic design and six sizes were available for the left and right femur. The proximal one-third of the stem had a porous coating of pure titanium beads (Fig. 2) . The stems had a 12/14 taper and were used with cobalt-chromium modular heads available in five different neck lengths (+1.5 to 15.5).
The design of the experimental stem had some differences from that of the reference stem; the diameter was markedly reduced distally, and the medial part of the proximal stem was more curved, which probably ensured a closer cortical fit in the calcar region. Moreover, the lateral part of the stem was designed to fit the lateral flare of the femur. Finally, the anteroposterior diameter of the proximal stem was substantially increased compared with the reference stem. Thus, the design characteristics of the experimental stem assisted proximal stability and load transmission (Fig. 2) .
After the distribution of strain had been determined in the intact femur, the femoral head was carefully removed by sawing through the neck, and the medullary canal reamed as at surgery. The position of the femoral prosthesis in the medullary canal was checked by radiological examination. The tests described for the intact femur were repeated under the identical conditions of position and load.
Loads were applied to the head of the femoral component through an appropriate polyethylene acetabular cup. Experimental and reference stems were compared in terms of their effects on the distribution of strain in the proximal end of the femur.
The principal strain was calculated as follows:
where E1 is a large principal strain (usually tension), E2 is a large principal strain (usually compression), Ea is the strain in gauge element a, Eb is the strain in gauge element b, Ec is the strain in gauge element c, Ed is the strain in gauge element d, and the principal shear strain (E3) is E1-E2.
Results
Intact femora. Figure 3 shows representative strain data for the proximal part of the 12 intact femora when subjected to a force of 900 N applied vertically and 15 Nm torsional load with the femoral shaft in 12° of adduction. Strains were increased from proximal to distal in the intact femora under load, and the highest values were in area D. They were higher in compression on the concave side than in tension on the convex side at all levels and were greater in the coronal (Fig. 3c ) than in the sagittal plane (Fig. 3b) .
Since the tensile strains on the lateral side were consistent Bar graphs (coronal plane) showing representative data on the distribution of strains in the 12 intact and 12 operated human femora. For the former, the angle of load was 12° and the magnitude of load was 900N/15Nm and for the latter 12° and 1200N/20 Nm, respectively. Figure 3a -The distribution of strain in the lateral and medial cortices (frontal plane). The pattern of increasing compressive and tensile strain progressing from proximal to distal is present in all femora. Figure 3b -In general the strain (coronal plane) in the calcar area after insertion of the femoral components is sharply reduced, but the loss is greater in the reference stems. At the level of the calcar femorale, when the femoral components were in situ the compressive strains were significantly different from those in the intact femur at the 95% level of confidence. At the other levels, the strains with the implants in place are not significantly different from those in the intact femur. With the components in place, the actual levels of strain at the tip of the stem were nearly normal. Figure 3c -The distribution of strain in the anterior and posterior cortices (sagittal plane). The strains in the anterior and posterior sites are substantially less in general than those at the medial and lateral sites. The strain is also greater in the posterior surface of the proximal part of the femoral shaft than in either the anterior or the posterior surface of the femoral neck. Figure  3d -The distribution of strain (sagittal plane) shows that there is a significant increase in strains on the anterior and posterior aspects of the femur at level B after insertion of the stem. At the other level, the strains with the implants in place are not significantly different from those in the intact femur. Figure 3e -The distribution of shear strain in the lateral and medial cortices (frontal plane) which shows increasing shear strain progressing from proximal to distal in all femora. Figure 3f -In general the shear strain (coronal plane) in the calcar area after insertion of the femoral components is sharply reduced, but the loss is greater with the reference stems. At the level of the calcar femorale, when the femoral components were in situ the shear strains are significantly different from those in the intact femur at the 95% level of confidence. At the other levels, the strains with the implants in place are less significantly different from the shear strain in the intact femur. With the components in place, the actual levels of shear strains at the tip of the stem are nearly normal. Figure 3g -The distribution of shear strain in the anterior and posterior cortices (sagittal plane). The shear strains in the anterior and posterior sites are less in general than those at the medial and lateral sites. The shear strain is greater in the anterior and posterior surface of the femoral neck than in either the anterior or the posterior surface of the femoral shaft. Figure 3h -The distribution of shear strain (sagittal plane) shows that there is a significant increase in strains on the anterior and posterior aspects of the femur at level B after stem insertion. At the other levels, the strains with the implants in place are not significantly different from the strains in the intact femur.
with previous mathematical analysis, 29 the compressive strains on the medial side were always greater in the subtrochanteric area than in the area of the calcar femorale. Shear strains were higher on the concave side than on the convex side at all levels and were greater in the coronal (Fig. 3e ) than in the sagittal plane (Fig. 3g) . The shear strains over the medial side were always greater in the subtrochanteric area than in the area of the calcar femorale.
The distal portion of the posterior part of the neck of the femur was under tension in these loading conditions and the posterior part of the femur distal to the lesser trochanter showed compressive strain, as expected from the normal concavity of the posterior aspect of the femur. In the anterior surface of the femur, compressive strain was present in the neck and subtrochanteric area but there were tensile strains in the area of the isthmus of the femur and distal to it. The strain in the anterior aspect of the neck was appreciably larger than in the anterior surfaces of the rest of the proximal part of the femur (Fig. 3c) . The shear strain in the anterior aspect of the neck was also appreciably larger than that in the anterior surfaces of the rest of the proximal part of the femur (Fig. 3g) . Insertion of the femoral components. For both groups the mean value of E1, E2 and E3 was computed. The data are presented as horizontal bar diagrams indicating the mean values of E1, E2 and E3 at each of the 13 locations of strain measurement on the proximal femur. For each of the loading configurations one graph shows the strains on the medial and lateral aspects and the other on the anterior and posterior aspects of the femur.
We used Student's t-test for paired samples to analyse the difference in the mean principal strain in both groups of operated femora. A p value of less than 0.05 indicated statistically significant differences.
The strain pattern or distribution of strain was markedly changed after insertion of a femoral implant. As would be expected in the proximal and medial aspects of the femur (level A) there was a decrease in the principal compressive strain (E2) (82% for the reference and 80% for the experimental group, p = 0.3017) and in shear strain (E3) (88% and 86%, respectively, p = 0.3107). These differences were not significant (Figs 3b and 3f) . After insertion of the femoral component, the pattern of strain going from the area of the calcar femorale distally to the tip of the stem, was similar to that in the intact femur. At level B, which is just below the lesser trochanter, there was a decrease in principal compressive strain E2 (64% for the reference and 39% for the experimental group, p = 0.0065) and in shear strain E3 (55% and 36%, respectively, p = 0.0171). At levels C and D the change in E1, E2 and E3 was less pronounced in both groups of femora. At level C, there was a decrease in strain E2 (22% and 4%, respectively, p = 0.0424) and in strain E3 (21% and 10%, respectively, p = 0.0448). At level D the principal E1, E2 and E3 strains were almost the same as in the intact femora for both groups of implanted specimens (Figs 3b and 3f ). An unexpected observation was an increase in the strains on the anterior and posterior aspects of the femur at level B after insertion of the stem. There was an increase in tension strain E1 on the posterior aspect of the femur (35% for the reference and 57% for the experimental group, p = 0.0012) and shear strain E3 (6% and 16%, respectively, p = 0.0431). On the anterior aspect of the femur at level B, there was an increase in compressive strain E2 (31% and 58%, respectively, p = 0.0009) and in shear strain E3 (30% and 53%, respectively, p = 0.0032). At level C, the compression strain E2 on the anterior aspect was almost the same as that in the intact femur for the reference group. For the experimental group the increase was 35% (p = 0.0453). The shear strain E3 on the anterior aspect was increased slightly (15%) in the reference group and the increase in the experimental group was 39% (p = 0.0452). The compression strain E2 and the shear strain E3 in the posterior aspect of level C were almost the same as those in the intact femur for both groups (p = 0.3681). These findings indicate that the insertion of the stem led to increased deformation in level B, and presumably higher stresses in the experimental group, on the anterior and posterior aspects of the femur (Figs 3d and  3h) .
On the lateral aspect of the femur, as on the medial side, a decrease in tensile strains was observed. At level B, there was a decrease in principal strain E1 (25% for the reference and 24% for the experimental group, p = 0.3789) and in shear strain E3 (52% and 31%, respectively, p = 0.3687). At level C, the decrease in the principal tensile strain E1 was 8% and 6%, respectively (p = 0.7658). The decrease in shear strain E3 was 28% for the reference group and 20% for the experimental group (p = 0.3891). At level D the changes in tensile strain E1 and shear strain E3 were minor for both groups (p = 0.9322).
Using the intact femora as a reference, insertion of the prosthesis in the reference group led to an overall reduction in strain in levels A and B of 37% whereas for femora in the experimental group the reduction was 22% (p = 0.005). This difference seems to be due to a higher level of compressive and shear strains in the proximal region in the experimental femora. In addition, it is possible that the experimental stem was more able to transmit forces to the proximal femur than the reference stem. This conclusion seems at least to be valid for the anterior and posterior aspects of the femur at level B when the strains were higher in the experimental femora.
Discussion
Oh and Harris 28 reported that strains decreased from proximal to distal in the intact femora under load, and that the highest values were in the calcar area. By contrast, we have found that strain increased from proximal to distal in the intact femora under load and the highest values were in areas C and D. This finding is consistent with previous mathematical analysis. 22, 30 One of the important findings in our study was the reduction in compressive, tensile and shear strains in the proximal part of the femur which results from insertion of a femoral component, regardless of type. The strains in the calcar area were greatly reduced in both groups. Rapid disuse atrophy of bone as a sequel to reduced stress has been well documented, both in the skeleton as a whole 31 and as a local phenomenon. 29 The measured severe decrease in longitudinal and shear stresses in the region of the calcar femorale found in our study suggest the strong probability, as reported by Charnley and Cupic, 32 that this is at least in part the result of disuse atrophy. Oh and Harris 28 believed that the large reduction in strain in the area of the calcar femorale must be associated with a substantial increase in bone resorption. In our study, although the compressive, tensile, and shear strains in the proximal femur were reduced in the coronal plane after the insertion of both anatomical femoral stems, they were increased in the sagittal plane. An experimental stem with a more anatomical fit in the proximal femur had more increased strain (58%) than the reference stem (31%). The increased strains in the proximal femur in the experimental stem may be attributed to the increased proximal hoop stress. Increased strains in the anterior and posterior aspects of the proximal femur may lead to stress concentration over a short metaphyseal segment which could increase interface stresses and compromise the biological bone ingrowth in this region. We believe, however, that these increased strains would reduce the disuse atrophy and would not compromise the bone ingrowth in the region. Maloney et al 33 found that the maximum bone loss for the cemented and cementless specimens did not occur in the proximal metaphysis. The maximum cortical bone loss was at the middle level for the cemented femora and at the mid-proximal and middle levels for the cementless.
Although the strains around the mid-region of the stem in our study are still more than half of the normal, those in the experimental stem are higher than in the reference stem. These higher strains around the experimental stem can reduce the bone resorption in the mid-region of the femur. The strains in the femur at levels C and D after insertion of the femoral component are within the range of those experienced normally by that segment of the femur. Thus, these normal levels of strain may contribute to normal bone remodelling around the stem.
These static studies in vitro showing the potential benefits from an experimental proximal stem suggest that further work should be done on ways to obtain broad contact between the proximal medial surface of the femoral component and the proximal medial surface of the femur. The weakness of our study is that the model reflects the situation soon after implantation. There is no biological fixation of the prosthesis to surrounding bone. This may alter the pattern of strain distribution.
Our study may have a clinical application. An experimental stem which has a more anatomical fit without having contact with a distal stem and cortex can provide immediate postoperative stability. Pure proximal loading by the experimental stem in the metaphysis, reduction of excessive bending stiffness of the stem by tapering the stem and absent contact between the stem and the distal cortex may reduce stress shielding bone resorption and thigh pain.
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